Introduction {#sec1}
============

Insertion polymerization of olefins to the corresponding polyolefins is known for several decades, and the world today produces about 180 million tons of polyolefins every year using the well-known Ziegler--Natta (ZN) process.^[@ref1]−[@ref4]^ The deep understanding of the classical ZN-type catalysts inspired academics to develop homogeneous congeners for olefin polymerization and olefin copolymerization with functional groups.^[@ref5]−[@ref7]^ The late metal α-diimine Ni or Pd catalysts developed by Brookhart produce highly branched polyethylene.^[@ref8]^ Detailed investigations reveal that α-diimine Ni or Pd catalysts are susceptible to chain-walking, a phenomenon that yields highly branched polyethylene.^[@ref9],[@ref10]^ However, recent modification to the famous α-diimine Brookhart system has enabled the polymerization of ethylene to high-molecular-weight polyethylene.^[@ref11]^ Along the same lines, late transition metal complexes of phenoxy-imine ligands, such as **1** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), are known to produce polyethylene with high molecular weight.^[@ref12]^

![Designing features of imino-methyl-benzenesulfonate-ligated palladium complexes.](ao-2019-007099_0002){#fig1}

Lately, Drent introduced an *ortho*-phosphinebenzenesulfonate-ligated palladium complex of type **2**,^[@ref13]^ which is capable of producing very high molecular weight polyethylene^[@ref14]^ and tolerates various functional groups.^[@ref15]−[@ref34]^ Subsequent to this discovery, Nozaki and co-workers introduced an carbene-quinoline-ligated palladium complex.^[@ref35]^ These complexes have been evaluated in the insertion polymerization of olefins and lead to the production of polyolefins.^[@ref36]^ As evident from the above discussion, ligand designing has been at the crux of olefin polymerization, and various generations of catalysts, such as metallocenes, postmetallocenes and so forth, have been developed.^[@ref37],[@ref38]^ Given the performance of phenoxy-imine and *ortho*-phosphinebenzenesulfonate ligand systems in ethylene polymerization, we pondered if we can blend the features of **1** and **2** and construct a ligand system that would be a fusion of these two ligands. Thus, we envisioned a bidentate ligand with imine as a strong σ-donor (extracted feature of **1**), sulfonate as a weak σ-donor (as is the case of **2**), and a rigid backbone of aromatic ring (a feature common to **1** and **2**). However, our initial attempts to synthesize imine sulfonate ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, top) by treating aromatic aldehydes with acid-substituted amines led to the generation of benzoxazinones.^[@ref39]^

Herein we report a single-step synthesis of a small library of six imino-methyl benzenesulfonate ligands **L1--L6** and their complexation with palladium to yield neutral alkyl--palladium(II) complexes **C1--C3**. The identity of six ligands and three complexes has been unambiguously ascertained using a combination of spectroscopic and analytical methods. Finally, the synthetic utility of the imino-methyl benzenesulfonate-ligated palladium complex has been demonstrated by employing **C1--C3** in an ethylene polymerization reaction.

Results and Discussion {#sec2}
======================

Syntheses of Ligands **L1--L6** {#sec2.1}
-------------------------------

We have recently discovered that a condensation reaction between various amino-benzoic acids and aldehydes yields benzoxazinones in the presence of an acidic-substituent ortho to the amine.^[@ref39]^ Therefore, we hypothesized that if we can trap this acidic proton or substitute it with a heavy metal cation, we might be able to access imines. Thus, the amino acids were converted to their sodium salts and were used to demonstrate that, indeed, if the crucial acidic proton is replaced by a heavy metal cation, the formation of benzoxazinone is suppressed, whereas imine formation is favored.

Sodium 2-formylbenzenesulfonate was treated with a simple amine, such as aniline, in dimethyl formamide (DMF), and the reaction mixture was refluxed for 6 h. Subsequent work-up and the evaporation of volatiles afforded the anticipated imine-sulfonate ligand **L1** ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) in 91% isolated yield. A proton NMR of the above solid revealed a characteristic singlet at 9.50 ppm ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_001.pdf)), which can be easily assigned to the imine C--H proton. The proton NMR findings were supported by ^13^C NMR, which revealed an imine carbon at 161.2 ppm. Furthermore, the existence of **L1** was unambiguously ascertained using a combination of 1-2D NMR spectroscopy, and cross peaks confirmed the presence of **L1**. An IR of **L1** revealed the presence of an imine CN band at 1621 cm^--1^. The NMR and IR findings were corroborated by high-resolution mass spectrometry (HRMS) analysis, which revealed a molecular ion peak at *m*/*z* = 284.0350 Da. This observed mass exactly matches with the calculated mass of 284.0352 Da.

![Synthesis of Sodium-2-(((phenyl)imino)methyl)benzenesulfonate (**L1**) and a Small Library of Imine-Sulfonate Ligands **L2--L6**](ao-2019-007099_0007){#sch1}

Various electron-donating amine precursors were treated with the sodium salt of benzenesulfonate, and the effect of the nature of electron-donating substituents and steric crowding on imine formation was investigated. As evident from [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, the reaction is quite tolerant to electron-rich amines. Thus, a reaction of sodium 2-formylbenzenesulfonate and 4-methoxy aniline in DMF at 150 °C yielded sodium-2-(((4-methoxyphenyl)imino)methyl)benzenesulfonate (**L2**) in 80% isolated yield. A characteristic imine proton was observed at 9.38 ppm ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), whereas the corresponding carbon appeared at 161.2 ppm ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The NMR findings were corroborated by HRMS, which revealed a molecular ion peak at *m*/*z* = 314.0453, which exactly matches with the simulated mass. Thus, the anticipated imine ligand **L2** could be easily prepared, although with slightly lower yields as compared to **L1**.

###### Characteristics of **L1** to **L6**

  sr. no.   amine                                ligand   yield (%)   ^1^H (imine-C[H]{.ul}) NMR (ppm)[a](#t1fn1){ref-type="table-fn"}   ^13^C (imine-[C]{.ul}) NMR (ppm)[b](#t1fn2){ref-type="table-fn"}   HRMS (Da)[c](#t1fn3){ref-type="table-fn"}
  --------- ------------------------------------ -------- ----------- ------------------------------------------------------------------ ------------------------------------------------------------------ -------------------------------------------
  1         aniline                              **L1**   91          9.50                                                               161.2                                                              284.0350
  2         4-methoxy aniline                    **L2**   80          9.38                                                               161.2                                                              314.0453
  3         2-methoxy aniline                    **L3**   86          9.41                                                               161.2                                                              314.0453
  4         2,6-diisopropyl aniline              **L4**   71          9.08                                                               162.7                                                              368.1283
  5         2-methylpropan-2-amine               **L5**   65          9.24                                                               155.6                                                              264.0663
  6         (3*s*,5*s*,7*s*)-adamantan-1-amine   **L6**   78          9.21                                                               155.7                                                              ND

The chemical shifts given in this column are for imine CH proton.

The chemical shifts provided are for imine carbon.

The HRMS data are for ligands **L1--L6**. ND: Not determined.

After having established a robust protocol to prepare imines **L1** and **L2**, we embarked on widening the scope and electron-rich and sterically demanding imines; sodium-2-(((2-methoxyphenyl)imino)methyl)benzenesulfonate **L3**, sodium-2-(((2,6-diisopropylphenyl)imino)methyl)benzenesulfonate **L4**, sodium-2-((*tert*-butylimino)methyl)benzenesulfonate **L5**, and sodium (2-(((3*s*,5*s*,7*s*)adamantan-1-yl)imino)methyl)benzenesulfonate **L6** were prepared in good to excellent yield. The identity of these imine ligands was unambiguously established by NMR and mass analysis. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} provides a glance of characteristic ^1^H, ^13^C chemical shifts and HRMS data and demonstrates the existence of **L1--L6**. The effect of electron-donating substituents is clearly visible from the imine proton chemical shift. As one moves from simple aniline (**L1**) to more electron-rich di-isopropyl-substituted **L4**, the imine proton shifts up-field from 9.50 (**L1**) to 9.08 (**L4**) ppm. A similar electronic effect was observed for **L5** and **L6**. Thus, electron-donating and sterically bulky amines were found to condense with sodium salt of 2-formyl benzenesulfonate to yield electron-rich imine ligands **L1** to **L6** in excellent yields.

Palladium Complexes of **L2**, **L4**, and **L5** {#sec2.2}
-------------------------------------------------

Neutral, palladium(II) complexes of phosphine-sulfonate ligands are known to play a decisive role in obtaining high-molecular-weight polyethylene.^[@ref14],[@ref40]^ In our attempts to synthesize neutral palladium(II) complexes, two types of metal precursors were employed, namely, \[(COD)PdMeCl\] and \[Pd(Lu)~2~MeCl\].

Treatment of **L2** with \[(COD)PdMeCl\] in dimethyl sulfoxide (DMSO) produced a brown-colored residue after the evaporation of volatiles.^[@ref41]^ A proton NMR of this residue revealed a singlet at 0.95 ppm that can be tentatively assigned to "Pd--Me" species. However, the chemical shift for such hetero-bidentate-ligated Pd--Me species is usually further up-field in the region of 0.5--0.02 ppm. However, Pd--Me around 1 ppm is observed for neutrally coordinated ligands, such as TMEDA,^[@ref42]^ and the palladium methyl protons for \[(TMEDA)PdMeCl\] appear at 1.02 ppm.^[@ref43]^ A careful evaluation of the 1-2D NMR data indicated that a dimeric palladium complex of type **Pd-dim** ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, top) could have been formed, without the iminesulfonate ligand **L2**. To confirm this further, on-purpose synthesis of **Pd-Dim** was undertaken. \[(COD)PdMeCl\] was dissolved in 1 mL DMSO at room temperature and stirred for 2 h. As evident from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (bottom), the proton NMR of this complex revealed a singlet at 0.95 ppm, which exactly overlaps with the earlier spectrum recorded for **L2**, \[(COD)PdMeCl\] reaction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} top). A single-crystal X-ray diffraction of the above "on purpose" prepared complex demonstrated the formation of a dimer of type **Pd-Dim**, with 2 palladium atoms, 2 chlorides, 2 methyl groups, and 2 palladium-coordinated DMSO molecules per unit complex. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} depicts the molecular structure of **Pd-Dim**. The **Pd-Dim** crystalizes in a monoclinic unit cell and *P*2~1/*n*~ space group. The two chlorides bridge the two palladium centers with a Pd1a--Cl1 and Pd1--Cl1a bond length of 2.47 Å, whereas the covalently bonded Pd--Cl bond length was found to be 2.36 Å ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The observed Pd--Cl bond length is in line with the reported Pd--Cl bond lengths.^[@ref44]^

![Close view of ^1^H NMR spectrum of a reaction mixture of **L2** and \[(COD)PdMeCl\] (top) and on-purpose prepared **Pd-Dim** (bottom).](ao-2019-007099_0003){#fig2}

![Molecular structure of **Pd-Dim** (H-atoms omitted for clarity, 50% probability of thermal ellipsoids).](ao-2019-007099_0004){#fig3}

![Coordination Behaviour of **L2** (Top) and Synthesis of Palladium Precursor Pd--Lu~2~ (Bottom)](ao-2019-007099_0008){#sch2}

However, such chloride-bridged dimers are relatively less reactive, and the formation of monometallic complexes from chloride-bridged dimers is an uphill task.^[@ref45],[@ref46]^ We then choose to adopt two approaches: (1) in situ abstraction of chloride before the complexation of ligand and (2) use of a bulky donor solvent, such as 2,6-lutidine, which might disfavor dimerization and might yield a mononuclear palladium complex. Thus, \[(COD)PdMeCl\] was treated with 2,6-lutidine in 5 mL dichloromethane (DCM) at room temperature.^[@ref47]^ Work-up followed by drying under vacuum produced **Pd-Lu**~**2**~ ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} bottom) in 97% yield. The formation of **Pd-Lu**~**2**~ was confirmed by ^1^H NMR, which revealed Pd--Me protons at 0.20 ppm, and the corresponding coordinated lutidine protons appeared at 3.36 ppm.

After having prepared the suitable palladium precursor **Pd-Lu**~**2**~ we set out to investigate the coordination behavior of **L2**, **L4**, and **L5**. In the in situ approach, \[(COD)PdMeCl\] was treated with a stoichiometric amount of AgBF~4~ in DCM and the mixture was stirred at room temperature for 2 h. After 2 h, sodium-2-(((4-methoxyphenyl)imino)methyl) benzenesulfonate (**L2**) was added to the above mixture and the content was stirred for 15 min, which was followed by the addition of 44 μL of 2,6-lutidine (Lu). Work-up and drying produced the palladium complex \[**L2**PdMeLu\] **C1** in 56% isolated yield ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} top). A proton NMR of this solid revealed a characteristic imine proton at 8.91 ppm, indicating the coordination of imine-nitrogen to the palladium center. The ^1^H NMR findings were further corroborated by ^13^C NMR ([Figure S36](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_001.pdf)), in which the imine carbon appeared much down-field at 169.7 ppm. Furthermore, the palladium methyl protons, which were the bone of contention in the earlier part, now appeared at 0.06 ppm, whereas the corresponding carbon appeared at −8.1 ppm. The 1D NMR observations were authenticated by 2D NMR spectroscopy, and as is evident in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the palladium methyl proton at 0.06 ppm revealed a direct cross peak to the carbon at −8.1 ppm. Such an up-field shift for the Pd--Me group is in good agreement with previously reported data for phosphinimine-ligated palladium--methyl complexes.^[@ref48]^ Furthermore, the NMR findings were corroborated by an ESI-MS analysis, and a molecular ion peak at *m*/*z* = 519.05 \[M + H\]^+^ Da was observed.

![Expanded view of a direct C--H correlation (HSQC) spectrum of **C1** in CDCl~3~ (400 MHz).](ao-2019-007099_0005){#fig4}

![Synthesis of Palladium--Iminesulfonate Complexes **C1--C3**](ao-2019-007099_0009){#sch3}

In the second approach, **L4** was treated with a mononuclear palladium precursor \[PdLu~2~\] at room temperature to yield a palladium complex \[**L4**PdMeLu\] **C2** in 84% isolated yields ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} middle). The formation of the complex **C2** was confirmed by ^1^H, ^13^C NMR (including DEPT), IR, and mass spectrometric analysis. Thus, the hallmark Pd--Me protons appeared at 0.09 ppm, whereas the corresponding carbon showed up at −7.2 ppm. The ESI-MS analysis revealed a molecular ion peak at *m*/*z* = 573.15 \[M + H\]^+^ Da, which can be assigned to complex **C2**.

However, a AgBF~4~ route was adapted to prepare \[**L5**PdMeLu\] **C3** via in situ abstraction of chloride. The formation of **C3** was established through NMR, MS, and IR spectroscopic analysis. The identity of **C3** was unambiguously ascertained through single-crystal X-ray diffraction ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). X-ray quality crystals were obtained at −25 °C by layering the DCM solution of **C3** with hexane. The complex crystalizes in the *I*~4**1**/*a*~ space group with a distorted square planar palladium center. The nitrogen (imine)--palladium bond distance of 2.05 Å (N1--Pd) authenticated a coordinate bond, whereas sulfonate oxygen displayed a covalent bond distance of 2.19 Å (O1--Pd) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Similar bond distances and bond angles have been reported for palladium complexes derived from imine and sulfonate ligands.^[@ref22],[@cit23b]^[Tables S2--S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_001.pdf) summarize important crystal data, bond angles, and bond distances.^[@ref49]^

![Molecular structure of **C3** (50% probability of thermal ellipsoids).](ao-2019-007099_0006){#fig5}

Ethylene Polymerization {#sec2.3}
-----------------------

Neutral, palladium(II) complexes are known to polymerize ethylene to polyethylene without any co-catalyst or activator.^[@ref50],[@ref51]^ Given the similar charge, chelation effect, and oxidation state of the metal, it is anticipated that **C1**, **C2**, and **C3** can potentially polymerize ethylene to polyethylene. Just to demonstrate the potential of these newly prepared complexes, we evaluated the performance of **C1--C3** in ethylene polymerization, and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} presents important results. Ethylene polymerization was carried out in a Büchi high-pressure reactor that was charged with 48 μmol of **C1** in 5 mL DCM and 100 mL toluene. Complex **C1** failed to catalyze the polymerization of ethylene at 40 °C ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, entry 1). However, at 80 °C, the formation of polyethylene material was observed.

###### Insertion Polymerization of Ethylene Catalyzed by Neutral Pd(II) Complexes **C1--C3**[a](#t2fn1){ref-type="table-fn"}

  entry                                         cat.     press. (bars)   temp. (°C)   time (h)   yield (g)[b](#t2fn2){ref-type="table-fn"}   TOF (mol of PE/mol of Pd/h)   *T*~m~ (°C)[b](#t2fn2){ref-type="table-fn"}
  --------------------------------------------- -------- --------------- ------------ ---------- ------------------------------------------- ----------------------------- ---------------------------------------------
  1                                             **C1**   10              40           1          ND                                                                        ND
  2                                             **C1**   15              80           2          0.027[c](#t2fn3){ref-type="table-fn"}       20                            ND
  3                                             **C1**   5               95           2          0.020                                       15                            ND
  4                                             **C1**   15              95           2          0.075[d](#t2fn4){ref-type="table-fn"}       56                            125
  5                                             **C1**   25              95           2          0.106[d](#t2fn4){ref-type="table-fn"}       79                            ND
  6                                             **C2**   15              95           2          0.043                                       ND                            ND
  7                                             **C3**   15              95           2          0.050                                       ND                            ND
  [e](#t2fn5){ref-type="table-fn"}8^[@ref52]^   **4**    7               10           1--2       NA                                          0.10                          132.9
  [f](#t2fn6){ref-type="table-fn"}9^[@ref25]^   **5**    21              85           1          2.1                                         NA                            129

Conditions: **C1**: 0.025 g (48 μmol in 5 mL DCM), **C2**: 50.33 μmol (in 5 mL DCM), **C3**: 50 μmol (in 5 mL DCM). Solvent: toluene (100 mL).

Determined after evaporating volatiles from the reaction content and subtracting the weight of the catalyst from the total solid obtained.

2 mg of precipitated polyethylene was observed.

5 mg of precipitated polyethylene was observed.

This entry is for complex **1** (R = Phenyl) as displayed in diagram 1 and is directly taken from a published work; see ref ([@ref52]); TOFs are in 10^6^ g of PE mol^--1^ of Ni h^--1^; NA: information is not available.

This entry is for complex **2** (R = Ar-OMe, L = pyridine) presented in diagram 1 and is directly taken from ref ([@ref25]).

Increasing the temperature to 95 °C at 5 bar ethylene pressure produced 20 mg of polyethylene. Please note that the yield is calculated based on the precipitated polyethylene and the waxy material obtained after the evaporation of volatiles from the polymerization reaction. Thus, the activity increases with increasing temperature, and 95 °C appears to be the suitable temperature for polymerization. The effect of ethylene pressure was investigated at three different pressures, 5, 15, and 25 bars, and entries 3--5 report the findings. As evident, the highest activity was observed at 25 bar ethylene pressure. The resultant polyethylene was characterized by NMR, matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-ToF-MS), and differential scanning colorimetry (DSC). Interestingly, the MALDI-ToF-MS revealed that the palladium catalyst is still bound to the polyethylene chain and the ethylene repeat units could be clearly seen ([Figure S51](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_001.pdf)). The DSC thermogram ([Figure S52](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_001.pdf)) of the precipitated polyethylene fraction displayed a melting temperature of 125 °C. Along the same line, **C2** and **C3** were evaluated in ethylene polymerization under identical conditions and were found to be less reactive than **C1** (run 6--7 vs 4).

Complex **4** presented in [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"} is also known to produce polyethylene (PE) without a cocatalyst.^[@ref52]^ Unfortunately, we could not come across any literature report on ethylene polymerization using **4** under identical conditions, but entry 8 in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} presents the closest conditions to our investigations. Catalyst **4** displayed better performance than **C1**, with a TOF of 0.10 (10^6^ g of PE mol^--1^ of Ni h^--1^) at a lower pressure and temperature ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, entry 8). However, under almost identical conditions (except that the L is pyridine), catalyst **5** was found to be 20 times more active than **C1** ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, entry 9). The thus-prepared complexes **C1--C3** are active in ethylene polymerization. However, compared to the parent complexes **4** and **5**, **C1--C3** underperform. Steric and electronic tailoring along with donor group change might potentially provide a better catalyst.

![Structures of reported catalysts **4** and **5**.](ao-2019-007099_0001){#cht1}

Conclusions {#sec3}
===========

In summary, a reaction between sodium 2-formylbenzenesulfonate and aniline revealed the near-quantitative (91%) formation of sodium-2-((phenylimino)methyl) benzenesulfonate **L1**. A characteristic imine proton at 9.50 ppm and the corresponding carbon at 161.2 ppm authenticated the formation of **L1**. Following a similar protocol, a small library of six imine ligands **L1--L6** was generated. The coordination behavior of bidentate ligand **L2** toward \[(COD)PdMeCl\] was evaluated. Instead of the anticipated \[**L2**-PdMe(DMSO)\] complex, the formation of the unanticipated \[(DMSO)~2~Pd~2~Cl~2~Me~2~\] **Pd-Dim** was observed. However, in situ chloride abstraction followed by the addition of \[Pd(COD)MeCl\] produced the desired imino-methyl benzenesulfonate-ligated palladium complex \[**L2**PdMeLu\] **C1**. The existence of **C1** was unambiguously ascertained using a combination of 1-2D C--H correlation NMR spectra, IR, and mass analysis. In a second strategy, **L4** was treated with a palladium precursor **Pd-Lu**~**2**~ to produce \[**L4**PdMeLu\] **C2** in 84% yield, and the identity of **C2** was established by using a combination of spectroscopic and analytical methods. Along the same lines, **C3** was prepared and its existence was demonstrated using a single-crystal X-ray structure. The potential of the thus-prepared imino-methyl benzenesulfonate-ligated palladium complexes was evaluated in ethylene polymerization, and **C1--C3** were found to catalyze the insertion polymerization of ethylene to polyethylene.

Experimental Section {#sec4}
====================

Materials and Methods {#sec4.1}
---------------------

Unless noted otherwise, all manipulations were carried out under an inert atmosphere using standard Schlenk line techniques or the MBRAUN glove box. Toluene was distilled from sodium/benzophenone under an argon atmosphere. DMF and methylene chloride were distilled on calcium hydride. Ethanol was dried on a magnesium cake and was stored on molecular sieves. Ethylene (3.5 grade) was supplied by Ms. Praxair India Pvt. Ltd, Bangalore, India. Aniline, 4-methoxy aniline, 2-methoxy aniline, 2,6-diisopropyl aniline, 2-methylpropane-2-amine, adamantan-1-amine, and sodium-2-formyl benzene sulfonate were supplied by Sigma-Aldrich or were purchased from local suppliers. \[(COD)PdMeCl\] was synthesized following known procedures.^[@ref43]^ The polymerization was run in a Büchi Glas Uster cyclone 075 high-pressure reactor equipped with a overhead mechanical stirrer, a heating/cooling jacket, and pressure regulators. Solution NMR spectra were recorded on Bruker AVANCE 200, 400, and 500 MHz instruments. Chemical shifts were referenced to external reference tetramethylsilane (^1^H and ^13^C). Coupling constants were given as absolute values. Multiplicities were given as follows: s, singlet; d, doublet; t, triplet; m, multiplet; br s: broad singlet. Mass spectra were recorded on a Thermo Scientific Q-Exactive mass spectrometer; the column specification was Hypersil gold C18 column 150 × 4.6 mm diameter 8 μm particle size mobile phase used is 90% methanol + 10% water + 0.1% formic acid. DSC was carried out on DSC Q-10 from TA Instruments at a heating and cooling rate of 10 K min^--1^. MALDI-ToF-MS was performed on AB SCIEX TOF/TOF 5800, and dithranol was used as a matrix. Single-crystal data were recorded on a Bruker D8 VENTURE Kappa Duo PHOTON II CPAD diffractometer equipped with Incoatech multilayer mirrors optics. IR spectra were recorded on a Bruker VERTEX 80 spectrophotometer. The samples were prepared as Nujol mull.

Synthesis of Sodium-2-((phenylimino)methyl)benzenesulfonate (**L1**)^[@ref41]^ {#sec4.2}
------------------------------------------------------------------------------

![](ao-2019-007099_0012){#dgr1}

1 g of sodium-2-formyl benzene sulfonate (4.08 mmol) was taken in a Schlenk flask equipped with a magnetic stirring bar. 0.418 g of aniline (4.08 mmol) was added to the Schlenk flask followed by the addition of 5 mL DMF along with molecular sieves. The reaction mixture was refluxed for 3 h under constant stirring at 150 °C. After that, the reaction mixture was allowed to cool to room temperature and filtered, and volatiles were evaporated under reduced pressure. The crude product was washed with DCM (25 mL) and hexane (3 × 35 mL) and dried for 3 h under reduced pressure at room temperature. The product was obtained in 91% (1.23 g) yield.

^1^H NMR (500 MHz, DMSO-*d*~6~): δ 9.50 (s, 1 H), 8.15 (d, *J* = 6.87, 2.29 Hz, 1H), 7.86--7.84 (m, 1H), 7.48--7.41 (m, 4H), 7.26--7.23 (m, 1H), 7.18--7.17 (m, 2H). ^13^C NMR (126 MHz, DMSO-*d*~6~): δ 161.2 (s), 152.2 (s), 148.4 (s), 132.4 (s), 130.3 (s), 129.2 (s), 129.0 (s), 126.8 (s), 126.5 (s), 125.8 (s), 120.9 (s). ESI-MS (+ve): C~13~H~11~NO~3~NaS calcd *m*/*z*, 284.03; observed *m*/*z*, 284.03 \[M + H\]^+^. IR (cm^--1^): 1621 (C=N). Elemental analysis: calcd C, 55.12; H, 3.56; N, 4.94. Found C, 54.92; H, 3.30; N, 5.11.

Sodium-2-(((4-methoxyphenyl)imino)methyl)benzenesuflonate (**L2**)^[@ref41]^ {#sec4.3}
----------------------------------------------------------------------------

![](ao-2019-007099_0013){#dgr2}

1 g of sodium-2-formyl benzene sulfonate (4.08 mmol) was taken in a Schlenk flask equipped with a magnetic stirring bar. 0.502 g of *p*-anisidine (4.08 mmol, 1 equiv) was added to the Schlenk flask followed by the addition of 5 mL DMF along with molecular sieves. The reaction mixture was refluxed for 4 h under constant stirring at 150 °C. After that, the reaction mixture was allowed to cool to room temperature and filtered, and volatiles were stripped off under reduced pressure to obtain a residue. The crude product was washed with DCM (25 mL) and hexane (3 × 20 mL), and dried for 3 h under reduced pressure at room temperature to yield 1.25 g (80%) of **L2**.

^1^H NMR (500 MHz, DMSO-*d*~6~): δ 9.38 (s, 1H), 8.12 (br s, 1H), 7.83 (d, *J* = 8.8 Hz, 1H), 7.46 (m, 2H), 7.19 (t, *J* = 7.2 Hz, 1H), 7.05 (d, *J* = 8.0 Hz, 1H), 6.97 (t, *J* = 7.4 Hz, 1H), 6.89 (d, *J* = 6.9 Hz, 1H), 3.79 (s, 3H). ^13^C NMR (126 MHz, DMSO-*d*~6~): δ 161.2 (s, N=*C*H), 152.0 (s), 148.3 (s), 142.2 (s), 132.6 (s), 130.1 (s), 128.8 (s), 126.7 (s), 126.4 (s), 120.8 (s), 119.8 (s), 112.0 (s), 55.5 (s, O*C*H~3~). ESI-MS (+ve): C~14~H~13~NO~4~NaS calcd *m*/*z*, 314.04; observed *m*/*z*, 314.04 \[M + H\]^+^. IR (cm^--1^): 1616 (C=N). Elemental analysis: calcd C, 53.67; H, 3.86; N, 4.47. Found: C, 53.51; H, 3.79; N, 4.94.

Sodium-2-(((2-methoxyphenyl)imino)methyl)benzenesulfonate (**L3**)^[@ref41]^ {#sec4.4}
----------------------------------------------------------------------------

![](ao-2019-007099_0014){#dgr3}

0.208 g of sodium-2-formyl benzene sulfonate (1 mmol) was taken in a Schlenk flask equipped with a magnetic stirring bar. 0.123 g of *o*-Anisidine (1 mmol, 1 equiv) was added to the Schlenk flask followed by the addition of 5 mL DMF along with molecular sieves. The reaction mixture was refluxed for 6 h under constant stirring at 150 °C. After that, the reaction mixture was allowed to cool to room temperature and filtered, and volatiles were evaporated under reduced pressure. The crude product was washed with DCM and hexane and dried for 3 h under reduced pressure at room temperature to produce 0.269 g (86%) of residue.

^1^H NMR (400 MHz, DMSO-*d*~6~): δ 9.41 (s, 1H), 8.14 (br s, 1H), 7.88 (br s, 1H), 7.48 (br s, 2H), 7.19 (s, 1H), 7.05 (d, *J* = 7.3 Hz, 1H), 6.97 (s, 1H), 6.93 (s, 1H), 3.79 (s, 3H). ^13^C NMR (101 MHz, DMSO-*d*~6~): δ 161.2 (s, N=*C*H), 152.1 (s), 148.1 (s), 142.2 (s), 132.7 (s), 130.2 (s), 129.1 (s), 126.8 (s), 126.6 (s), 120.9 (s), 119.9 (s), 112.0 (s), 55.6 (s, O*C*H~3~). ESI-MS (+ve): C~14~H~13~NO~4~NaS calcd *m*/*z*, 314.04; observed *m*/*z*, 314.04 \[M + H\]^+^. IR (cm^--1^): 1616 (C=N). Elemental analysis: calcd C, 53.67; H, 3.86; N, 4.47. Found: C, 53.67; H, 4.22; N, 5.35.

Sodium-2-(((2,6-diisopropylphenyl)imino)methyl)benzenesulfonate (**L4**)^[@ref41]^ {#sec4.5}
----------------------------------------------------------------------------------

![](ao-2019-007099_0015){#dgr4}

0.416 g of sodium-2-formyl benzene sulfonate (2 mmol) was taken in a Schlenk flask equipped with a magnetic stirring bar. 0.354 g of 2,6-diisopropyl aniline (2 mmol, 1 equiv) was added to the Schlenk flask followed by the addition of 5 mL DMF along with molecular sieves. The reaction mixture was refluxed for 6 h under constant stirring at 150 °C. After that, the reaction mixture was allowed to cool to room temperature and filtered, and the filtrate was evaporated under reduced pressure. The resulting crude product was washed with DCM (25 mL) and hexane (3 × 20 mL) and dried for 3 h under reduced pressure at room temperature to yield 0.522 g of the product (71%).

^1^H NMR (400 MHz, DMSO-*d*~6~): δ 9.08 (s, N=CH, 1H), 8.21--8.20 (m, 1H), 7.84 (m, 1H), 7.51 (d, *J* = 3.7 Hz, 2H), 7.12--7.10 (m, 3H), 3.58 (s, 2H), 1.07 (d, *J* = 6.7 Hz, 12H). ^13^C NMR (126 MHz, DMSO-*d*~6~): δ 162.7 (s, N=*C*H), 149.6 (s), 148.5 (s), 136.9 (s), 132.1 (s), 130.2 (s), 128.8 (s), 126.8 (s), 126.1 (s), 123.6 (s), 122.6 (s), 27.3 (s), 23.2 (s, O*C*H~3~). ESI-MS (+ve): C~19~H~23~NO~3~NaS calcd *m*/*z*, 368.12; observed *m*/*z*, 368.12 \[M + H\]^+^. IR (cm^--1^): 1632 (C=N). Elemental analysis: calcd C, 62.11; H, 6.04; N, 3.81. Found: C, 62.09; H, 5.64; N, 3.75.

Sodium-2-((*tert*-butylimino)methyl)benzenesulfonate (**L5**)^[@ref41]^ {#sec4.6}
-----------------------------------------------------------------------

![](ao-2019-007099_0016){#dgr5}

0.416 g of sodium-2-formyl benzene sulfonate (2 mmol) was taken in a Schlenk flask, and 0.146 g of tertiary butyl amine (2 mmol, 1 equiv) and 5 mL DMF were added to the Schlenk flask along with molecular sieves. The reaction mixture was stirred for 12 h at room temperature. After that, the reaction mixture was filtered and volatiles were evaporated under reduced pressure. The crude product was washed with hexane (3 × 5 mL) and dried for 3 h under reduced pressure to obtain 0.339 g of the product (64%).

^1^H NMR (500 MHz, DMSO-*d*~6~): δ 9.24 (s, 1H), 7.98 (s, 1H), 7.81 (s, 1H), 7.37 (s, 2H), 1.23 (s, 9H). ^13^C NMR (126 MHz, DMSO-*d*~6~): δ 155.6 (s, N=*C*H), 147.2 (s), 133.5 (s), 129.0 (s), 128.8 (s), 126.7 (s), 126.1 (s), 57.1 (s), 29.8 (s, *C*H~3~). ESI-MS (+ve): C~11~H~15~NNaO~3~S calcd *m*/*z*, 264.06; observed *m*/*z*, 264.06 \[M + H\]^+^. IR (cm^--1^): 1635 (C=N). Elemental analysis: calcd C, 50.18; H, 5.36; N, 5.32. Found: C, 50.10; H, 5.10; N, 5.78.

Sodium-(2-(((3*s*,5*s*,7*s*)-adamantan-1-yl)imino)methyl)benzenesulfonate (**L6**) {#sec4.7}
----------------------------------------------------------------------------------

![](ao-2019-007099_0017){#dgr6}

0.208 g of sodium-2-formyl benzene sulfonate (1 mmol) was taken in a Schlenk flask equipped with a magnetic stirring bar. 0.151 g of (3*s*,5*s*,7*s*)-adamantan-1-amine (1 mmol, 1 equiv) was added to the Schlenk flask followed by the addition of 5 mL ethanol. The reaction mixture was refluxed for 5 h at 78 °C, after which it was allowed to cool to room temperature. Volatiles were evaporated under reduced pressure, yielding a crude product. The crude product was washed with hexane (2 × 20 mL) and was dried for 3 h under reduced pressure to obtain 78% (0.265 g) of the desired product.

^1^H NMR (400 MHz, DMSO-*d*~6~): δ 9.21 (s, 1H), 7.98--7.96 (m, 1H), 7.78--7.76 (m, 1H), 7.35--7.33 (m, 2H), 2.12 (br s, 3H), 1.72--1.66 (m, 12H). ^13^C NMR (101 MHz, DMSO-*d*~6~): δ 155.7 (s), 147.8 (s), 133.9 (s), 129.3 (s), 129.0 (s), 127.0 (s), 126.2 (s), 57.6 (s), 43.4 (s), 36.6 (s), 29.4 (s). IR (cm^--1^): 1634 (C=N). Elemental analysis: calcd C, 59.81; H, 5.91; N, 4.10. Found: C, 60.10; H, 5.85; N, 4.22.

Synthesis of Palladium Complex **C1** {#sec4.8}
-------------------------------------

0.100 g of \[(COD)PdMeCl\] (0.38 mmol) and 0.0737 g of AgBF~4~ (0.38 mmol) were dissolved in 10 mL dry DCM in a Schlenk flask. This reaction mixture was stirred for 2 h at room temperature, and 0.1189 g of sodium-2-(((4-methoxyphenyl)imino)methyl)benzenesulfonate (0.38 mmol, 1 equiv) **L3** in 5 mL dry DCM was added to the Schlenk flask. After 15 min, 44 μL of 2,6-lutidine (0.38 mmol, 1 equiv) was added to the reaction mixture and the content was stirred for 30 min. The reaction mixture was then filtered using cannula filtration; the filtrate was evaporated and dried under reduced pressure for 3 h, leading to 0.150 g of product **C1** (56%). **C1** was soluble in DCM and chloroform.

^1^H NMR (400 MHz, CDCl~3~): δ 8.91 (br s, 1H), 8.25 (br s, 1H), 7.67 (d, *J* = 8.76 Hz, 2H), 7.59 (m, 2H), 7.45 (t, *J* = 7.68 Hz, 1H), 6.98--6.94 (m, 5H), 3.85 (s, 3H), 2.68 (br s, 6H), 0.06 (s, 3H). ^13^C NMR (101 MHz, CDCl~3~): δ 169.7 (s), 159.7 (s), 159.6 (s), 144.4 (s), 138.1 (s), 133.5, 130.7, 130.3, 130.1, 128.8, 128.5, 127.3, 123.8, 122.7, 122.5, 114.4, 55.7 (OCH~3~), 28.1, 27.5, −8.1 (Pd--*C*H~3~). ESI-MS (+ve): C~22~H~25~N~2~O~4~NaS calcd *m*/*z*, 519.05; observed *m*/*z*, 519.05 \[M + H\]^+^. IR (cm^--1^): 1614 (C=N). Elemental analysis: calcd C, 50.92; H, 4.66; N, 5.40. Found: C, 50.70; H, 4.88; N, 5.74.

Synthesis of Palladium Complex **C2** {#sec4.9}
-------------------------------------

In a pre-dried and vacuum-argon-cooled Schlenk flask, 0.177 g of sodium-2-(((2,6-diisopropylphenyl)imino)methyl)benzenesulfonate (0.477 mmol, 1 equiv) **L4** and 0.209 g of **PdLu**~**2**~ (0.572 mmol, 1.2 equiv) were taken and 10 mL dry DCM was added. The reaction mixture was stirred for 5 h at room temperature, and the anticipated palladium complex was precipitated by the addition of 30 mL hexane. The precipitate was filtered out by using cannula filtration, and the filtrate was dried under reduced pressure for 3 h. The thus-obtained residue was found to be complex **C2** and weighed 0.243 g (yield = 84%). **C2** was soluble in DCM and chloroform.

^1^H NMR (400 MHz, CDCl~3~): δ 8.78 (s, 1H), 8.31 (d, *J* = 7.33 Hz, 1H), 7.66 (m, 1H), 7.49--7.42 (m, 2H), 7.35--7.29 (m, 3H), 7.13 (d, *J* = 7.75 Hz, 1H), 7.01 (d, *J* = 7.75 Hz, 2H), 3.73 (quint, *J* = 13.1 Hz, 6.58 Hz, 2H), 2.76 (s, 6H), 1.47 (d, *J* = 6.65 Hz, 6H), 1.37 (d, *J* = 6.65 Hz, 6H), 0.09 (s, 3H). ^13^C NMR (101 MHz, CDCl~3~): δ 174.9 (−N=*C*H), 160.5, 160.3, 159.8, 146.3, 144.3, 141.7, 138.1, 138.0, 137.5, 133.6, 130.3, 130.1, 128.2, 128.0, 126.9, 124.5, 122.6, 122.5, 28.2, 27.1, 26.6, 24.2, −7.2 (Pd--*C*H~3~). ESI-MS (+ve): C~27~H~35~N~2~O~3~NaS calcd *m*/*z*, 573.13; observed *m*/*z*, 573.15 \[M + H\]^+^. IR (cm^--1^): 1628 (C=N). Elemental analysis: calcd C, 56.59; H, 5.98; N, 4.89. Found: C, 56.19; H, 6.30; N, 5.11.

Synthesis of Palladium Complex **C3** {#sec4.10}
-------------------------------------

\[Pd(COD)MeCl\] (0.100 g, 0.38 mmol) was taken in a Schlenk flask, which was followed by the addition of AgBF~4~ (0.0737 g, 0.38 mmol) and 10 mL dry DCM. The reaction mixture was stirred for 2 h at room temperature. Sodium 2-((*tert*-butylimino)methyl)benzenesulfonate (0.100 g, 0.38 mmol) and 10 mL dry DCM were added to the Schlenk flask. After 15 min, 44 μL lutidine (0.38 mmol) was added to the reaction mixture followed by constant stirring for 2 h. The reaction mixture was filtered by passing through a Celite bed. The filtrate was evaporated, and the obtained residue was reprecipitated using DCM and hexane mixture. The residue obtained after cannula filtration was dried for 3 h under vacuum at room temperature. This procedure produced complex **C3** in 55% (0.098 g) isolated yield, which was soluble in DCM and chloroform.

^1^H NMR (400 MHz, CDCl~3~): δ 8.84 (s, 1H, *H*C=N), 8.27 (d, *J* = 7.19 Hz, 1H), 7.62--7.54 (m, 2H), 7.47 (t, *J* = 7.65 Hz, 1H), 7.37 (d, *J* = 7.01 Hz, 1H), 7.04 (d, *J* = 6.54 Hz, 1H), 6.93 (d, *J* = 6.56 Hz, 1H), 3.27 (s, 3H, lutidine C*H*~3~), 2.14 (s, 3H, lutidine C*H*~3~), 1.73 (s, 9H, *tert*-C*H*~3~) 0.17 (s, 3H, Pd--C*H*~3~). ^13^C NMR (101 MHz, CDCl~3~): δ 167.2 (−N=*C*H), 160.2, 159.8, 145.5, 137.9, 135.0, 130.2, 129.3, 128.4, 126.4, 122.7, 122.4, 65.1 \[*C*(CH~3~)\], 30.9 (*tert*-*C*H~3~), 27.4 (lutidine *C*H~3~), 25.8 (lutidine *C*H~3~), −12.6 (Pd--*C*H~3~). IR (cm^--1^): 1605 (C=N). ESI-MS (+ve): C~19~H~27~N~2~O~3~PdS calcd *m*/*z*, 469.0777; observed *m*/*z*, 469.0786 \[M + H\]^+^. IR (cm^--1^): 1605 (C=N). Elemental analysis: calcd C, 48.67; H, 5.59; N, 5.97. Found C, 48.73; H, 5.55; N, 6.12.

Ethylene Polymerization Using **C1--C3** as Catalysts {#sec4.11}
-----------------------------------------------------

Ethylene polymerization was carried out in a 250 mL stainless steel high-pressure Büchi (Glas Uster cyclone 075) reactor equipped with a heating/cooling jacket and mechanical stirrer. Prior to the experiment, the reactor was fully dried by heating it in vacuum at 90 °C for 60 min, followed by cooling it to room temperature and filling it with argon. After cooling under argon, the reactor was flushed with ethylene (3 times, at the desired pressure) and was charged with appropriate quantity of toluene under positive ethylene pressure. The reactor was then pressurized to the desired pressure and saturated with ethylene for 30 min at the desired reaction temperature. After cooling to room temperature, the solution of **C1** (48 μmol in 2 mL DCM) was introduced into the reactor at room temperature. The reactor was finally pressurized to 5--25 bars of ethylene with stirring. The polymerization was generally carried out for 2 h, the excess ethylene was slowly vented off, and the reactor was allowed to cool down to room temperature. A floating solid material was observed in the reactor, which was separated, and the remaining solution was dried under reduced pressure at 50 °C for 8 h. The resultant waxy residue was weighed and characterized by various methods ([Figures S50--S52](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_001.pdf)). Please note that the yield reported is a sum of precipitated polyethylene and waxy polyethylene. Important polymerization experiments using **C1--C3** are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.9b00709](http://pubs.acs.org/doi/abs/10.1021/acsomega.9b00709).Synthetic protocol for **L1--L6** and **C1--C3**; NMR, mass, and IR, spectroscopic and analytical data; and polymer characterization data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_001.pdf))Molecular structure of Pd-Dim ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_002.cif))Molecular structure of C3 ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00709/suppl_file/ao9b00709_si_003.cif))
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